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A consistent phenomenological approach to the computation of transverse single spin asymmetries in inclusive
hadron production is presented, based on the assumed generalization of the QCD factorization theorem to the
case in which quark intrinsic motion is taken into account. New k⊥ and spin dependent quark distribution and
fragmentation functions are considered: some of them are fixed by fitting data on p↑p → πX and predictions are
given for single spin asymmetries in ℓp↑ → πX and γ∗p↑ → πX processes.
1. General Formalism
It is well known that perturbative QCD and
the factorization theorem at leading twist [ 1] can
be used to describe the large pT production of a
hadron C resulting from the interaction of two
polarized hadrons A and B
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and that the above equation leads to vanishing
single spin asymmetries
AN =
dσ↑ − dσ↓
dσ↑ + dσ↓
=
dσ↑ − dσ↓
2 dσunp
, (2)
due to helicity conservation in the elementary
interactions and parton collinear configurations
in distribution and fragmentation functions (the
notations used above should be self-explanatory,
further details can be found, e.g., in Ref. [ 2]; ↑
and ↓ are directions perpendicular to the scatter-
ing plane).
Possible origins of single spin effects can be in-
troduced by considering k⊥ dependences in the
quark distribution functions fˆq/p(x,k⊥) [ 3]-[ 5] or
in the quark fragmentation functions Dˆh/q(z,k⊥)
[ 1]; a consistent phenomenological approach has
been developed taking these possibilities into ac-
count [ 2], [ 4], [ 6] and assuming that the factor-
ization theorem of Eq. (1) holds also when intrin-
sic parton motion is included. At leading order
in k⊥ one has, for the p
↑p→ πX process:
Eπ d
3σ↑
d3pπ
−
Eπ d
3σ↓
d3pπ
=
∑
a,b,c,d
∫
dxa dxb
πz
× (3)
{∫
d2k⊥∆
Nfa/p↑(k⊥) fb/p
dσˆ
dtˆ
(k⊥)Dπ/c +
∫
d2k′⊥ h
a/p
1 fb/p ∆NN σˆ(k
′
⊥) ∆
NDπ/c(k
′
⊥) +
∫
d2k′′⊥ h
a/p
1 ∆
Nfb↑/p(k
′′
⊥)∆
′
NN σˆ(k
′′
⊥)Dπ/c(z)
}
,
where the first line in brackets corresponds to the
so-called Sivers effect [ 3], the second to Collins
effect [ 1] and the third one to a recently proposed
mechanism [ 5].
The new k⊥ and spin dependent functions ap-
pearing in Eq. (3) have a partonic interpretation
2in terms of polarized quark distribution and frag-
mentation functions as:
∆Nfq/p↑ = fˆq/p↑(x,k⊥)− fˆq/p↓(x,k⊥) , (4)
∆NDh/q = Dˆh/q↑(z,k⊥)− Dˆh/q↓(z,k⊥) , (5)
∆Nfq↑/p = fˆq↑/p(x,k⊥)− fˆq↓/p(x,k⊥) . (6)
The other quantities appearing in Eq. (3),
apart from the unpolarized quark distribution
and fragmentation functions, f and D, are the
transverse spin content of the proton:
h
q/p
1 = fq↑/p↑(x)− fq↓/p↑(x) (7)
and the elementary double spin asymmetries,
computable in pQCD:
∆NN σˆ =
dσˆa
↑b→c↑d
dtˆ
−
dσˆa
↑b→c↓d
dtˆ
, (8)
∆′NN σˆ =
dσˆa
↑b↑→cd
dtˆ
−
dσˆa
↑b↓→cd
dtˆ
· (9)
Eq. (3) can be used to obtain information on
the new quantities (4)-(6) by fitting existing data
on p↑p → πX [ 7]; once this has been done pre-
dictions for other processes can be given. This
program has been partially performed in Refs. [
2], [ 4], [ 6] and [ 8].
2. Sivers and Collins effects alone
In Ref. [ 6] Sivers effect has been assumed
to be the only origin of single spin asymmetries
and the corresponding expression of Eq. (3) (i.e.
its first two lines) has been used to fit the data
on p↑p → πX , leading to an explicit expres-
sion for ∆Nfq/p↑(x, 〈k⊥〉) at an average intrinsic
transverse k⊥ value; the data can be nicely fitted
and the deduced expression of ∆Nfq/p↑(x, 〈k⊥〉)
leads to predictions for single spin asymmetries
in p¯↑p → πX in agreement with data [ 7]. The
resulting values of ∆Nfq/p↑/2fq/p also turn out
to be reasonable and plausible.
A similar program, taking only Collins effect
into account, has been performed in Ref. [ 2],
where the first and third line of Eq. (3) have been
used to explain the existing data and to derive
an explicit expression of ∆NDπ/q(z, 〈k⊥〉): again,
data on p↑p → πX can be fitted, with some dif-
ficulties at large z values, and values of AN in
p¯↑p → πX processes are computed in agreement
with experiment. In this case, however, the re-
sulting values of ∆NDπ/q/2Dπ/q turn out to be
at the border of acceptability, in that this ratio
has to reach 1 at large z values in order to fit the
data.
It is clear that both Sivers and Collins effects
might be at work at the same time and contribute
in different proportions to the observed values of
AN . Not only: also the contribution suggested in
Ref. [ 5] might be at work. Its consequences alone
have not been studied yet, although it might be
possible that the effects of ∆Nfq↑/p are evident
in different xF regions from Sivers and Collins
effects.
However, both the new, time-reversal odd func-
tions ∆Nfq/p↑ and ∆
Nfq↑/p require some initial
state interactions [ 8]; these initial state inter-
actions are expected in hadron-hadron processes
where many soft gluons should be exchanged be-
tween the colliding particles. This is not so in
lepton-hadron interactions where any extra ex-
change of photons gives only negligible correc-
tions. Thus, we expect that only Collins ef-
fect might originate single spin asymmetries in
lepto-production processes. We consider the most
favourable situation, by assuming that this is true
also in pp processes, and take the expression of
∆NDπ/q as determined in Ref. [ 2]: under such
an assumption – only Collins effect at work to
originate single spin asymmetries in any inclusive
process – we are able to give predictions for AN
in semi-inclusive lepton initiated processes.
3. Predictions for DIS processes
We consider, in complete analogy to p↑p →
πX , the process ℓp↑ → πX : the former process
has an observed large AN and, if Collins mecha-
nism is responsible for it, we also expect a large
asymmetry for the latter:
Eπ d
3σ↑
d3pπ
−
Eπ d
3σ↓
d3pπ
=
∑
q
∫
dx
πz
∫
d2k⊥ × (10)
3[
h
q/p
1 (x) ∆NN σˆ
q(x,k⊥) ∆
NDπ/q(z,k⊥)
]
where
∆NN σˆ
q =
dσˆℓq
↑→ℓq↑
dtˆ
−
dσˆℓq
↑→ℓq↓
dtˆ
· (11)
From the expressions of Ref. [ 2] we can com-
pute Eq. (2) and (10) and we obtain indeed large
values of AN ; in Fig. 1 we show results at s = 52.5
GeV2 and pT = 1.2 GeV/c (typical HERMES val-
ues). Similar results hold at different energies [
8].
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Figure 1. AN (ℓp
↑ → πX) for typical HERMES
kinematics.
A measurement of AN in ℓp
↑ → πX requires
transversely polarized nucleons; however, single
transverse spin asymmetries may be measurable
also in the case of longitudinally polarized nu-
cleons provided one looks at the double inclusive
process, ℓp↑ → ℓπX from which one can recon-
struct the γ∗p↑ → πX reaction, which, in general,
occurs in a plane different from the ℓ − ℓ′ plane
where the longitudinal nucleon spin lies; in this
case one has (see Ref. [ 8] for details):
dσγ
∗p↑→πX
dx dQ2 dz d2pT
−
dσγ
∗p↓→πX
dx dQ2 dz d2pT
=
∑
q
× (12)
h
q/p↑
1
[
dσˆγ
∗q↑→q↑
dQ2
−
dσˆγ
∗q↑→q↓
dQ2
]
∆NDπ/q(pT ) .
In Fig. 2 we show AN at the same energy values
of Fig. 1, as a function of z: it is large also in this
case, although only at very large z values which
might be difficult to reach experimentally.
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Figure 2. AN (γ
∗p↑ → πX): s = 52.5 GeV2,
Q2 = 8 GeV2; solid, dashed and dotted line refer
respectively to π+, π0 and π−.
Single transverse spin asymmetries might be
large in semi-inclusive DIS: their measurement
is important and is feasible at several laborato-
ries either with the existing configurations or with
transversely polarized future nucleon beams.
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